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The Understanding the Atom Series 



Nuclear energy is piciying d vita! role in the hfe of every 
rndn, womdn, and child in the United States today. In the 
yearb aliead it will affect increasingly all the peoples of the 
edruj. It IS ebbentidl that all Annericans gain an understanding 
uf this vital furi^e if they are tu discharge thoughtfully their 
responsibilitieb ab citizens and if they are to realize fully the 
nnyriad benefits that nuclear energy offers thenn. 

The United States Atomic Energy CtDmmission provides 
thib booklet to lielp you achieve such understanding. 
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By John F. Hogerton 



INTRODUCTION 

If you lived next to a large coal-fired puv , i-I:-:., you 
might well wake up several mornings a wcck. ^ ...e sound 
of a freight train rumblmg in to deliver fuel. Certainly you 
would be aware of a big supply operation, for such a plant 
consumes several thousand tons of coal a day. 

But if you lived next to an atomic power plant you prob- 
ably wouldn't even notice the arrival, every year or so, of 
a few truck loads of atomic fuel. 

The difference in the scale of supply operations reflects 
the difference in energy content between conventional and 
atomic fuels. One cubic foot of uranium has the same en- 
ergy content as 1.7 million tons of coal, 7.2 million barrels 
of oil, or 32 billion cubic feet of natural gas. In today's 
atomic power plants only a very small fraction of the po- 
tential energy value of the fuel is extracted in a single cycle 
of operation (see later discussion), but even so a truck load 
of atomic fuel substitutes for many trainloads of coal. 

Let's make the same point in another way. A useful rule 
of thumb to remember is that for every gram of atomic fuel 
actually consumed (i.e., made to undergo nuclear fission), 
approximately one •'megawatt-day*'* of heat is released. 



♦A megawatt is 1000 kilowatts. To speak of a megawatt-day of 
heat means that heat is generated at a rate of lUUU kilowatts over 
a period of 24 hours. 





When allowaiu't'b die nuide for losses in convertnig tlic heat 
to eUctne power, tins corresponds to an output of about 
7()0U kilowatt-hours ot eleetrieity — enout;h to take care of 
the avera^^" lanulv's household needs for sonietlunu like 
two vears. In a nioderii coal-lired power plant, seven-tentlis 
ot a pound of eoal is consumed per kilowatt-hour of elec- 
trical output. It thus takes 7000 - 0.7 or 4900 pounds (2.5 
tons) of eoal to cU) the work that can be done with each \!,v:un 
of atomic fuel consumed. 

Still anotlier illustration is the fact Uiat our atonuc- 
pDwered submarines are capable of cruising several tunes 
around the world on a single fuel loadnii;. Kven Jules Verne, 
who had the imagination to write :'n,nnn LaiKi^i ^ T^/^^' ^ 

ERLC 



sm/* a century ago, did not foreste so concuntratecl an en- 
ergy source. 

To return to the atomic powur plant in your ntighborhoocl, 
if you happened to get a glimpse of some of the fuel as it 
was being unloaded, what would you see? You would see 
something that might surprise you, namely a number of 
long and beautifull> m^^de metallic objects called ''fuel ele- 
ments/' In this booklet we will find out why atomic fuel 
takes this form, how it is produced, what it costs, and what 
sort of energy restive it represents. And in these pages 
you will find the key to tlie promise of atomic power. 

WHAT ATOMIC FUEL IS 
Fissionable and Fertile Materials 

By atomic fuel' we mean, in this booklet, fuel for a nu- 
clear reactor, for reactors are the means by which the 
energy of nuclear fission is harnessed, i 

Atomic fuel consists basically of a mixture of fissionable 
and fertile materials. The essential ingrediunt is a fission- 
able material, a material chat readily undergoes nuclear 
fission when struck b\ neutrons. The only naturally avail- 
able fissionable material is uranium-235, an isotope of ura- 
nium constituting less than 1\ {actually 0.71'* ) of the ele- 
ment as found in nature. 

Almost all the rest (99.28';') of the natural uranium ele- 
ment IS the uranium-238 isotope, which is of interest to us 
for a different but related reason. For when neutrons strike 
uranium-238 a fissionable material is generally formed, 
namely plutonium-239. So, although natural uranium actually 
contains only a little fissionable matter, almost all of it can 
be converted to fissionable matter. 

* riiLs no\fl,a tororunrKT ot U^day's scit'ncr I iction, deals with 
ihv \oyagt' of iha S'aultl us, a liituristii' crait powered by eluctro- 
clu'nucMl nu'ans. Uw atoniic-powcixd U.^S Nuulilus is its namc- 

1 riii^ iivm n\d\ alM) .ij>i)l> to tlic heat source iii jsoinpe ^cn- 
ei.itoKs, f)i ''liiK K ar fMtli i u'^." liwv heat eojnes troin ladioae- 
ti\e d( e.u . bee Ptfiat tioni Hddioi^oloiK^s , a eonipaiuon IjooKIet 
111 tins sei iL's. 

M''oi infor nhition on this subject see \n(U(ii Hi(ut{n^,\i eoia- 
panion l)ooklet in this seuus. 



Because it has the property of beiiig convertible to a fis- 
sionable material, uraniuni-238 is called a fertile material. 
A second substance that has this property is the element 
thorium. Its fissionable derivative is still another isotope 
of uranium, uranium-233. * 

Natural and Enriched Fuel 

It IS possible to achieve a self-sustaining fission reac- 
tion with the natural mixture of uranium-235 and uranium - 
238, so that natural uranium can be used as a reactor fuel. 
But it IS a marginally reactive fuel, and its use imposes 
certain limitations on reactor design and operation. En- 
riched fuel IS often used to get around these limitations. By 
enriched fuel is meant fuel having a higher fissionable con- 
tent than that of natural uranium. Most commonly it is ura- 
nium that has been put through an isotope separation proc- 
ess; but it may also be uranium or thorium to which a 
fissionable substance has been added. 

One of the main advantages of enriched fuel is that it 
gives the reactor designer greater latitude in selecting ma- 
terials for use in the reactor system (coolant, moderator, 
etc.). Another advantage is that higher fuel "burnup" can 
be achieved — i.e., more energy can be extracted before 
the fuel must be replaced. Still another is that the reactor 
can be physically smaller. 

Many of the reactors built in the United States for civilian 
power purposes use slightly enriched fuel (3 or 4^1 fission- 
able content). In ship propulsion applications where space 
is at a premium and a very compact power plant is desired, 
highly enriched fuel {up to about 90''o fissionable content) 
may be used.t 

Solid vs. Fluid Fuel 

The physical form of the fuel is also important. Some 
work IS being done with fluid fuels — i.e., solutions, slur- 
ries, or even molten fuel material — but, except for a few 
experimental systems, today's power reactors employ solid 
fuel in metallic or ceramic form. 

♦For infoi niation on atomic enei^^y in geneml see Ou> Aio»nc 
World, a compiinion booklet in this series. 

(See .\Hilt(n Pom > and Mcnlidfii Sliil>pin^, a companion booklet 
in this series. 



Fuel Utilization 

Since uraiiiuni-235 is tlu' only naturally uvailable fission- 
able material, it is the root fuel for atomic power genera- 
tion. If there were an infinite supply of it, wu could afford 
to neglect the much larger potential reservoir of energy 
represented by the fertile materials, uranium- 238 and tho- 
rium. But as It happens, our supply of uramum-235, while 
large, will not last indefiuitely. Therefore, it will be es- 
sential in the long run to make the most efficient use pos- 
sible of all our atomic fuel resources. This will mean op- 
erating a network of reactors in such a way that, over a 
period of time, our resources of fertile materials are ef- 
ficiently converted to fissionable materials and these in 
turn are efficiently converted to energy. 

We will return to this complex subject in the final section 
of this booklet. Now let us turn to something simpler, 
namely the pattern of atomic fuel operations today. 



THE ODYSSEY OF URANIUM 



When an electric power plant wl-ch burns coal, oil, or 
gas IS located far from the source of fuel, an er ononiic 
penaUy in additional fuel transportation costs is nu'urred. 
One of the attractions of atomic power to an electric utility 
company is that, thanks to the compactness of the fuel, lo- 
cations for atomic power plants can be selected without le- 
gard to the distance from the fuel source. 

About the only time dis- 
tance IS really important in 
the life of atomic fuel is 
when it IS in the form of 
ore. As mined, uranium ore 
IS mostly rock so shipping 
it very far would be quite 
costly. But, once the ura- 
nium has been separated 

from the ore dross, it is 

, . ^ , » . . (If id bard it dors." 

ready to travel, and travel 

it does. For example, material mined and milled in Utah 
may be refined m Missouri, enriched in Kentucky, converted 




in Ptnnsylvania, fabricated in California, used to generate 
powtr Hi Massachusetts, and reprocessed in New York! 

What do these terms mean, and why are all these steps 
necessary? The best way to answer these questions is to 
descubc the operations involved.* We will do tins m three 
stages; il) the production of uranium, (2) the fabrication of 
reactor fuel elements, vUid (3) the processing of spent fuel. 
In following the account you may want to refer from time to 
time to the diagram on page 20. Ii will be our map. 

You Uiay be wondering if radioactivity is much of a prob- 
lem 111 tii;.' handling of atomic fuel and might like some in- 
formation on this point before we start our journey. Ura- 
nium in its natural state is mildly radioactive, but it does 
not present a health hazard as long as proper ventilation 
and clean working conditions are maintained. This state- 
ment holds true up until the time uranium is placed in a re- 
actor. During irradiation it becomes contaminated with the 
intensely radioactive products of the fission reaction and 
mubt thertcifter bt heavily shielded until such time as these 
contaminants have been safely removed. 



PRODUCTION OF URANIUM 

Large-scale uranium production facilities have been es- 
tablished in the United States mainly to supply materials 
for national defense purposes. The amount of uranium pres- 
ently required for civilian atomic power generation repre- 
sents but a small fraction of the total production; indeed it 
IS estimated that another decade will pass before the re- 
quirements of the power industry match our existing pro- 
duction capability.! 

Mining 

In the beginning the United States depended primarily on 
foreign uranium supplies, but we have become the leading 

♦ io Mmplif.v our story, svc wiU onul reference to fuels contain- 
ing piulomuni-^31> n* uratiium-^aa sUiich are not yet in routine use. 

rihi.s .suiement relates only lo uranium production steps (min- 
ing. miihnK. refining, ami enrichment) ami not to subsequent stops 
in the chain ot atoniie iuel supply — namely , the fabrication of fuel 
eifiiients .md the processing of spent luel (st'f later discussion). 





f*tt nfu titftifft. I , , tit t am i f(} 

Uh /< f ^'t (KOul tfHtU . 



pmlr.ctr in tlu I'rt t worhl. accouiitini; in 19C2 for about 
half of tlu total frt't -world production. 

PractKMll> all the dt posits of coninu rcial-^radf uraniu\ 
on found in tlu Unittd States to date are in the western 
part of tlu country. The major producinj^ areas are north- 
western New Mexico, cuitral VVvoniini^, and tlie Colorado- 
Utah bordti* rei;iun. Tlu uranium concentration in tlie ore 
beiiii; minid today rani^ts from as little as 2 to as mucli as 
20 pounds of L ,0 • per ton of ore. Tlie average »s 5 pounds 
per ton. Some of tlie deposits are shallow and mined by 
opeii-pit techniquts, but the greater part of the ore being 
produced today conies from underground mines. 



•li iv :hi er^i<>ni lo t'\prt liraniimi e(;iu t ntration in i.iu mate- 
ruN m it rrn- oi 'M>I u k <)\i.lt " eontt nt. filaek o\nlf i> a nnxture 
«)t VA muim t.M.it - UHiiiultU.l I- I Iot;l>tain the.icuul uranuim 
eontt fu . M^xiVi - )^\\ i \\ on Uu^ lu^is should In niuiuplitnl l>\ o.sr,. 
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The U. S. Atomic Energy Commission catalyzed the 
growth of the uranium mining industry by conducting ex- 
ploration prui^rams* and offering production bonuses and 
other incentives which stimulated private exploration and 
mine development activity. When the Search for uranium 
began in earnest in the late forties, there were many lone- 
wolf prospectors and small mining ventures. It was the 
'*Gold Rush" all over again, except that jeeps and trucks 
wtre used instead of burros, and Geiger counters took the 
place of sitve pans. Today uranium mining is largely done 
on an industrial scale and is closely integrated with milling 
operations. And the AEC now buys uranium in concentrated 
form from uranium mills rather than "in bulk " from miners. 

Milling 

The job of the uranium mill is to get the uranium out of 
the ore. The ore is first pulverized and is then contacted 
with a reagent which dissolves the uranium, a step known 
as leaching. The dissolved uranium is recovt red from the 
"leach liquor" by solvent extraetiont or ion excliangei tech- 
niques and IS calcined (roasted) to remove excess water. 
The product is a crude uranium concentrate, known in the 
industry as ^'yellow cake," which usually assays between 
70 and 90^, UgOg. 

At this writing more than twenty uranium mills are in 
operation. They are all privately owned and rcpresentan in- 
vestment of about $140 r iiUion. If run at full capacity, they 
coulci prrduce in excess of 20,000 tons of UjOg per year. 
Actual production peaked recently at approximately 17,000 
tons per year, which was supplied to the .A£7 under indi- 
vidually negotiated purchase contracts. .\EC purchases dur- 
ing the period 1963-1970 are expected to average just 
under 10,000 tons per year, reflecting a cutback m AEC's 
annual requirements and a "stretch-out" of procurement 
commitments. 
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*In cooporalion with the I . S. cicologicMl Survey. 

tA chtmical ^tpa ration U'chniqiK' iMst^lon pi t ItruUi il solubility 
in ont" 01 two immiscihle liciuuls. 

tA chtmical separation itchnuiur basril on prt lt rmtul absorp- 
tion ol solute ions on insolul)U' resins. 



Cmnium mill at Vravan, Colonuh. 



Refining 

For use as reactor fuel, uranium must be refined to 
purity standards more characteristic of the pharmaceuti- 
cals industry than of normal chemical manufacture. The 
reason is that impurities are "excess baggage in a nu- 
clear reactor sinct they absorb neutrons unproductively and 
thereby detract from the efficiency of the system. 

The principal uranium refinery now in operation in the 
United States is a Government-owned plant located near 
St. Louis. Missouri. Here the crude concentrates from ura- 
nium mills are purified by solvent extraction and then cal- 
cined to form essentially pure uranium trioxide (UO3), a 
fine powder of brilliant orange hue which has come to be 
known as "orange oxide," Interestingly, long before the 
atomic age was born, this same material was produced for 
vise as a coloring agent in chinaware. 

Orange oxide from the Missouri refinery is first chemi- 
cally converted by hydrogenation to uranium dioxide tU02), 
which IS then converted to uranium tetrafluoride (UF4), 
called *'green salt," bv reaction with hydrogen fluorid.? gas. 



VxunuiH nivtiil reduction *'*bamb*\ 
red hot, in fuppnin' iipupwdiateiy 
attci Jiring The bomb, charged 
nith a mixture of grit-n saltiL'FJ 
and nineties lupn , is heated until 
tne chari^e i^inites sf)ontaneousi \ , 
The metal then J Ions to the bot- 
tom where it solidifies. 




The green salt is shipped to Paducah, Kentucky, site of one 
of three large uranium enrichment plants (see page 14) 
where it is reacted with fluorine £:as (F2) to convert it to 
uranium hexafluoride (UFg), a volatile compound of uranium 
used in the enrichment process. 

Uranium rtfming operations are also conducted under an 
AEC contract at a privately owned plant m southern Illinois. 
Here mill concentrate is converted directly to uranium 
hexafluoride and then purified by a distillation process. 



Enrichment 

We come now to uranium enrichment, which is perhaps 
the most interesting and certainly the most difficult step in 
the chain of uranium production. It is also a key step from 
an economic standpoint, and we will therefore discvss it in 
some detail. 

In uranium enrichment a partial separation cf the ura- 
nium isotopes IS accomplished, resulting in a product called 
enriched uranium which has a higher-than-normal concen- 
tration of uranium-235, and a waste called depleted ura- 
nium whicl. has a lower-than-normal concentration of that 




isotope. Why is cms difficult to do? The reason is that the 
isotopes of a.1 el* ment are chemical twins* and cannot be 
separated by orc*u.irv chemical methods. The methods used 
must in'^tead be ua^ed on differences in mass or mass- 
dependent properties. In the case of uranium, the mass dif- 
ference IS proportionately small (235 vs. 238) and hence 
rather elegant techniques are required. 

The technique used in the United States is "gaseous dif- 
fusion."! As was mentioned before, uranium is processed 
m the form of uranium hexafluoride, which is a solid at 
room temperature but sublimes to a gas at a slightly ele- 
vated temperature. The gaseous diffusion process could be 
likened filtration except for the fact that, instead of de- 
pending upon gross differences in the physical size of solid 
particles, it depends on slight differences in the mobility of 
gas molecules. 

The molecules of a gas are constantly in motion and dart 
about in random directions. There is an old law of physics 
which says that, on the average, all molecules of a gas 
mixture have the same kinetic energy, which is defined 
mathematically in terms of the mass of the molecule times 
the square of its velocity (^mv-). Thus the lighter mole- 
cules of a gas mixture travel at faster speed than the heav- 
ier molecules. If advantage is taken of this fact to separate 
the components of a gas mixture, it follows that the degree 
of separation which can be accomplished in asingle "stage" 
IS a function of the square root of the ratio of the masses 
-^f the component molecules. In the case of a mixture of 
:^^^F^ and U^^^Fg, the basic "separation factor" works out 
to be a very small number — 1.0043. This means that many 
stages are required to accomplish any significant degree of 
separation of the uranium isotopes. 

Typically a gaseous diffusion plant consists of hundreds 
of stages of equipment connected in series in what is known 

• rho word "isoiopi ** i'onu'> trom ilu' (irei'k ''usoiopo.s/* mean- 
inji "sanu" plan /* ,ind iii ruf> trom Ihv fad lhal the isotopes of 
.in I'K-minl ovv\i\>\ t\n .samt- placi- in ihc Periodic I'abli- of ilu- 
Clu-mical I' U-mriiU 

KXddilional Icchnitjiu s u, n- dr\rlof)cd during ihv uariimr Man- 
haltan Proutl hui ^astous diltuMon has iKin lound to In* ihr mosl 
[iraclical and ha;^ hn u us, d tor all ()osluar [)ro(luc-tion 
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as a diffusion "cascade/* Tiie principle of operation is il- 
lustrated in the diagram on page 12. Let^s consider what 
takes place in a single stage. 

The lieart of the equipment of a diffusion stage is a clum- 
ber divided by a thin and finely porous *'barrier" into two 
zones, one maintained at a lower pressure tlian tlie other. 
Tlie gas mixture enters tlie higher pressure zone. Condi- 
tions are so adjusted tliat lialf of it diffuses tlirougli t^-e 
porous barrier into tlie lower pressure zone and, on leaving 
the cliamber, is directed tu tlie next stage **up** tlie cascade. 
The other Iialf flows past tlie barrier and, on leaving tlie 
chamber, is directed to the next stage '*down** the cascade. 
If the two exiting gas streams were analyzed, tlie one that 
diffused thi'ough the barrier would be found to Iiave been 
very slightly enriched in the uraniuni-235 isotope, and, 
conversely, the one that passed by the barrier would be 
found to have been very slightly depleted in that isotope. 
Why? Because tlie U^^^Fg molecules, being faster tlian the 
U^^^F^J molecules, tend to strike the barrier more frequently 
and hence have a better statistical cliance of finding their 
way into the lower pressure zone. 

The starting gas mixture is fed to the cascade at an in- 
termediate point. As gas works its way up the cascade it 
becomes progressively enriched. The product can be with- 
drawn at any stage above the feed point, depending on the 
degree of enrichment desired, and is shipped out in pres- 
surized cylinders. Depleted uranium is withdrawn from the 
base of the cascade and stored. 

In addition to the diffusion chambers, the equipment of a 
diffusion cascade includes pumps to circulate the gas, 
coolers to remove the heat of pumping, and instruments to 
control the flow and monitor the operation. The process is 
carried out at less than atmospheric pressure,* and tliere- 
fore tlie entire equipment complex, which if laid out in a 



* This has the t lfcct oi inci casing tlu' '*mean free path** ol the 
Ka.s nioUcuk's— i.t .the distance tluv ttavcl between collisions 
for ellicient .separation, this (list<ince should be as lar^e as possi- 
ble relaliNc to the bi/.e ol the barriei pores If it were too small 
the gas nioleeule.-i would sinipl) streani throu^^h the barrier pores 
c'« masse and no separation would Utj acliiovcd. 
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^Mt- (/ (>' (it'Kh'i^id nidi nil>(>) in ///( mldiiJi 



straiglit line wuukl stretcli beveral miles, niubt be csscn- 
tiallv vacuunitii];lit. 

Tilt* thrt't' U. S. gast'ous diffusion plant's are located at 
Oak HKlL'.t, Ttimesst L; Paducali, Ktiitucky; and Portsmouth, 
Ohu). They are Gove riinient owned but operated by pi ivate 
contractors. Tlit y are of remarkable size, representing a 
total mvLbtnunt of some $2.4 billion. In 1964 tliey con- 
sumed about 45 billion kilowatt -iiuurs of electricity for 
driviui; the i;as circulatini^ pumps, etc. Tins was about 4', 
of tht total amount of electric power [generated m the United 
States. 

FABRICATION OF REACTOR FUEL ELEMENTS 

As was brought out earlier, the uranium production cliain 
just dtscribtd now serves defense requiremtnts primarily. 
From this point forward wt will be talkin<; about operations 
conducted txclusively in support of tiie civilian atonuc 
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power industry. Tlie dimensions of our discussion will 
therefore be different, for, instead of dealing with an annual 
volume of thousands of tons of raw material, we will now 
be dealing with an annual volume currently measured in 
hundreds of tons of raw material. 



Chemical Conversion 

Before reactor fuel elements can be fabricated, the ura- 
nium must be cliemically converted from the hexafluoride 
form to tlie form in whicli it is to be used in the intended 
reactor application. 

The choice of fuel material for a power reactor depends 
on several factors. Usually tlie governing considerations 
are (1) the ability of the material to withstand the damaging 
effects of irradiation* and tliereby permit lugh fuel burnup, 

(2) the chemical and nuclear properties of tlie material, and 

(3) ease of fabrication. Uranium dioxide (UO2) is the mate- 
rial in most common use today, being the standard fuel for 

♦Swelling, cmlM'iU lenient, or otlur physical distortion leading 
ultimately to mechanical tailure 

ERIC 



reactors of the pressurized and boiling water types. Other 
ceramic materials, notably uranium carbide, are being de- 
veloped for use in highc" temperature systems such as 
sodium -graphite and gas-cooled reactors. 

The conversion step is a fairly straightforward chemical 
operation. For example, uranium dioxide is producedby re- 
acting uranium hexafluoride first with water and then with 
an hydroxide salt. A precipitate results which is calcined 
to form orange oxide, and this in turn is reduced with hy- 
di'Ogen to form uranium dioxide powder. " 

Several chemical companies furnish conversion services 
to the ciVilian atomic power industry on a routine commer- 
cial basis under an AEC license arrangement. 

Fabrication 

It would be wonderful if atomic fuel could be fed to a re- 
actor much the way coal is fed to a furnace. Something 
approaching this .iegree of simplicity may someday be 
achieved. At present, however, atomic fuel is fabricated 
into fairly precise shapes, which are fitted together in sub- 
assemblies (fuel elements). These in turn are arranged 
a carefully designed pattern to make up the ''core'* of a 
power reactor. 

There are at least tu'O reasons for taking these pains. 
First, the **geometry'* of the fuel is important from a reac- 
tor physics standpoint; in other words, a fixed spatial dis- 
tribution of fuel within the reactor core is required for the 
system to function properly. Second, because ei:orrnous 
quantities of heat are generated within a very small volume, 
it IS essential to maintain proper channels for coolnnt flow 
through the core. The following comparison helps to bring 
this latter point into clearer focus: 



POWER DENSITY* 


Modern coal-tired boiler 


10 


Power reactor of the pressurized 




water type 


2300 



•Kilowatts of heat generated per cubic foot of equipment volume. 





Another important consideration is the i.eed for "clad- 
ding" the fuel, which means enclosing the fuel material in a 
thin protective sheath. Cladding serves several purposes. 

protects the fuel material from corrosion or erosion by 
the reactor coolant; it locks in the radioactive fission prod- 
ucts which are formed as fuel atoms undergo fission; and, 
in many fuel element designs, it serves a structural func- 
tion. Cladding introduces certain complications into the de- 
sign and fabrication of fuel elements. For example, extreme 
care must be taken to ensure good thermal conductivity 
(heat transfer) between the fuel material and the cladding; 
otherwise ''hot spots** which could develop in the fuel might 
cause the cladding to crack or even melt. 

Let us now follow the steps in fabricating fuel elements 
for a pressurized or boiling water reactor. First, small 
cylindrical pellets are compacted from uranium dioxide 
powder and inspected for size. Off-specification pellets are 
either rejected as scrap or are machined to proper size. 
The pellets are then loaded into thin-walled cladding tubes, 
made either of stainless steel or an alloy of zirconium. An 
inert gas (helium) is then introduced into the tubes (for 
thermal '^bonding"), and the tubes are end-capped. A num- 
ber of tubes are then clustered by means of spacer devices, 
and the resulting tube bundle is placed in a long rectangular 
steel or Zircaloy enclosure equipped with end fittings to 
permit coolant to enter and leave the assembly. This then 
constitutes a fuel element. 

Hundreds of such fuel elements held m position by grid 
plates in the reactor vessel constitute the reactor core. 
Careful quality and cleanliness control is exercised through- 
out the fabrication sequence, and the finished fuel elements 
are carefully inspected— all m an effort to avoid costly 
failures during reactor operation. 

The fabrication of fuel elements is presently the largest 
single factor in the cost of atomic fuel (see later discus- 
sion). Intensive efforts are being made to reduce the ex- 
pense of fabrication. For example, m the case of the oxide 
fuel elements just described, techniques are being devel- 
oped to permit loading the fuel powder directly into the 
cladding tubes and compacting it in place, which would 
eliminate the pelletizing step. Significant gains have been 
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made ip recent years by achieving higher fuel burnups 
(i.e., longer exposure in the rtactor), thereby spreading 
the cost of fabrication over a larger amount of power out- 
put. Significant gains can be expected in future years as the 
growth of the atomic power market permits fuel fabrica- 
tion to be carried on a mass production basis. 

Fuel eleiiunts used in the civilian atomic power industry 
aie fabricatea at present by the larger reactor manufac- 
turers, who customarily supply at least the initial core 
loading for tht systems they design. Several additional 
companies have betn licensed to fabricate fuel elements 
for other reactor markets and represent potential fuel ele- 
ment suppliers for the civilian power market. 

PROCESSING OF SPENT FUEL 
Why Reprocessing Is Needed 

Two factors dctt'-»>une the amount of fuel burnup that can 
be achieved in a power reactor. The first, mentioned ear- 
lier, IS radiation damagt to tht fuel material, one caase of 
which is the bombardment the material receiv- s from fis- 
sion fragments. The result is physical distortion of the 
fuel, leading in time to failure of the cladding and radioac- 
tive contamination of the reactor coolant. The Second .actoi 
IS that fission products lower the ''reactivity" of the fuel by 
soaking up neutrons. An excessive accumulation of these 
''nuclear ashes" would make it impossible to keep the reac- 
tor running.* 

Because of thtse effects — and either may be the limiting 
factor - - the fuel must be replaced when only partially con- 
sumed. In fact, in most of the reactors being used today for 
civilian power generation, the fuel must be replaced when 
only 1 or 2'< of the fuel atoms have been used up. 

Even with this limited amount of fuel burnup, the cores in 
question have a useful life of three or four years. In some 
cases only a third or a fourth of the core is replaced at a 
time so that refueling is customarily done at approximately 
yearly intervals. 
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STEPS IN THE SUPPLY OF ATOMIC FUEL 
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FUEL FLOW 

Approximate annual flovy of fuel material m the operation 
of a 300 000-kilowatt atomic power plant of the boiling 
water typt- (equilibrium conditions) 
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As mentioned earlier, another thing that happens as fuel 
IS irradiated is that some fertile uranium-238 atoms are 
converted to fissionable plutonium-239 atoms. Part of tins 
Plutonium undergoes fission in place, thereby contributing 
to the heat output of the reactor. The rest of it remains in- 
tact and thus represents a potential reactor byproduct. 

And so there are two excellent reasons for not relegating 
spent fuel to the scrap heap. One is the obvious desirability 
of reclaiming the unused uranium, and the other is the Plu- 
tonium content. 

How Reprocessing Is Done 

When removed from a power reactor, spent fuel elements 
are intensely radioactive due to their fission product con- 
tent. To allow time for some of the radioactivity to die 
down, they are stored under water for several months, ?. 
step known as "decay cooling." Then they are loaded into 
heavily shielded transfer casks and shipped to a fuel re- 
processing plant. 

The processing of spent fuel involves a series of opera- 
tions, most of which are conducted by remote control in 
equipment installed behind massive concrete shielding walls. 




Opi'}attng c Of f idof oj fuel t v()t oc i'f>stug jacililx at tin National lU ac to) 
Testing Station in Idaho. 
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In one method a mechanical tool is first used to cut away 
as much of the fuel structure supports as possible. The fuel 
material and residual cladding are then dissolved in acid, 
and the resulting solution is put through a series of chemi- 
cal separations accomplished by a solvent extraction proc- 
ess. In the first extraction cycle, most of tlie fission prod- 
ucts are removed. In the second cycle the uranium is 
separated from tlie plutonium. In subsequent cycles re- 
sidual fission products are removed from the uranium and 
plutonium. 

The decontaminated uranium and plutonium leave the 
plant as concentrated solutions which are readily converti- 
ble to other forms. For example, the uranium solution may 
be converted to the hexafluoride form and recycled through 
tht enrichment process to restore its uranium- 235 concen- 
tration to the preirradiation level;' or it mav be converted 
to ilranium dioxide and blended with material of higlier 
uranium- 235 content. 

The foregoing description of reprocessing operations is 
somewhat hypothetical in that, while similar operations have 
long been conducted in connection with the production of plu- 
tonium for defense purposes, facilities designed to handle 
fuel elements of the type used m civilian power reactors 
are not yvt in service. The reason is that the volume of 
civilian fuel reprocessing business is just bef mning to de- 
velop to the point where it will support a commercial re- 
processing plant. The first such plant is now being built at 
a site near Buffalo, New York, and is scheduled to be m 
service in 1966. Related radioactive waste storage facili- 
ties are being provided by the New York State Atomic He- 
search and Development Authority. 

Pending the availability of commercial reprocessing 
services, the U. S. Atomic Energy Commission lias estab- 
lished an interim schedule of reprocessing prices based on 
cost estimates. 
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Radioactive Waste Storage 

yomethmK like -99.99\" of the radioactive waste matter 
fonned durini; the operation of an atomic power plant is 
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nornuilly coiifined within the fuel elements by tlie fuel clacl- 
dins and reni.iins coiifined until spent fuel is dissolved dur- 
ing reprocessing. Most of it then enters tlie fuel solution 
and is removed by the extraction sequence described above. 
The intensely radioactive waste solutions from the extrac- 
tion process are collected and boiled down to reduce their 
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volume. Present practice is to store the resulting liquid 
concentrate in large underground steel tanks. The tanks 
and their environs are routinely mointored to ensure that 
no leakage occurs. 

This method of ra(hoactive waste storage has been used 
on a large scale in connection with plutoniuni production 
operations for nearly twenty years and has been found to be 
reliable. It is an acceptable way of handling wastes from 
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civilian power operations in that the expense involved 
amounts to a very small fraction (2 or Z'l) of the total cost 
of atomic power generation. But it is cumbersomt. Some 
constituents of the wastes take hundreds of years to decay 
to the point where they can be safely released to the en- 
vironment; thus there is a problem of "perpetual" tank 
maintenance. 

Several alternative approaches ai^e being studied m an 
effort to develop maintenance-free methods of storing ra- 
dioactive wastes. These methods vary according to the de- 
gree of radioactivity in the wastes. Naturally, the greatest 
concern is with the highly radioactive wastes. For these, 
the teclmiques receiving the most attention involve calcma- 
tion and or incorporation in clays and ceramic mixtures so 
that the waste forms a solid or a glasslike material which 
can be safely stored in underground vaults without danger 
of leakage. A further possibility being given preliminary 
consideration is pumping the wastes into deep underground 
formations which arc geologically cut off from ground- 
water sources. 

To place this subject in proper perspective, it should be 
added that it will probably be two or three decades before 
the cumulative volume of radioactive wastes from atomic 
power generation equals the existing volume of wastes in 
storage at U. S. plutonium production plants. 

It should also be mentioned that progress is being made 
in developing constructive uses for the longer lived con- 
stituents of radioactive wastes. While finding useful things 
to do with some of the waste matter will not eliminate the 
storage problem, since even the material used will in time 
turn up again as waste, continued progress along this line 
could well affect the pattern of racUoactive waste handling. 



THE COST OF ATOMIC FUEL 

Atomic Fuel vs. Fossil Fuel Costs 

You may well have gotten the impression by now tliat 
atomic fuel must be a costly commodity to produce. And in 
a doUars-per-pound sense it is expensive. Following are 



rt'presentativt figures for the value of fuel at different 
stages in tlie fuel supply cliain: 



FORM 


APPROXIMATE 
VALUE* 


Raw concentrate from 
uranium mills 


$9 


Slightly enriched ura- 
nium hexafluoride 
(3% uranium-235) 
from gaseous diffu- 
sion 


$115 


Fabricated fuel element 
(peiiet-in-tube type) 


$1C5 



^Dollars per pound of contained uranium. 



One hundred and sixty-five dollars per pound corresponds 
to about per troy ounce, wliicli is nine times tlie cur- 
rent value of silver and nearly one-third tliat of gold! 

But, when you take into account tlie large amount of en- 
ergy that IS produced from a pound of atomic fuel, tlie ad- 
jective "expensive" no longer applies. In fact, atomic fuel 
custs less today than e oal or oil in important areas of the 
country; and, as the technology of atomic power advances, 
it should in time compare favorably with tiie cheapest fossil 
fuel available anywhere. 

Let's take an example. In New England, where coal and 
oil have to be shipped in from considerable distances, the 
fuel portion of the cost of power generatnjn m large modern 
plants IS typically about 3 to 3*2 nulls per kilowatt-liour.* 
The projected fuel cost of comparable atomic power plants 
of 1964 design,) based on firm quotations from reactor sup- 

*'Viru ttulN vquu\ ono clmiI. 
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CONVENTIONAL ATOMIC 
PUNT PUNT 



Approximate 
Breakdown of Power 
Generating Costs 



I OPERATION MAINTENANCE 



I FUEL 



I FIXED CHARGES ON 
CAPITAL INVESTMENT 



pliers, IS in the neighborhood of 2 mills per kilowatt-hour. 
It should be quickly added that the lower fuel cost is offset 
by the fact that atomic power plants have higher capital 
costs and hence must bear higher fixed charges. The net 
result IS that the economics of atomic vs. conventional 
power generation are presently at about a standoff in New 
England and other areas presently dependent on relatively 
higli cost fossil fuel. 

Approximate Breakdown of Atomic Fuel Costs 

Having followed the odyssey of atomic fuel in the pre- 
ceding pages, you may be interested to know how the costs 
of atomic fuel break down. The chart on page 28 shows a 
rough analysis.* Note that the cost of fuel element fabrica- 
tion IS the largest item. Next is the "net fuel burnup" cost, 
which IS in effect the value of the fuel consumed less a 
credit for byproduct plutonium produced. Next comes the 
cost of spent fuel processing, which includes the expense of 
radioactive waste storage. The final item, the "use charge," 
is in effect a carrying charge on the value of fuel held in 
inventory. 



* Based on tuel lor a boilmj^ uater reactor o( VMui desiKn. 
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Breakdown of Atomic Fuel Costs 
(Approximate) 




In the latter connection, at this writing the basic fuel 
materials used in atomic power plants are owned by the 
Government and the use charge is determinedby the Atomic 
Energy Commission. In August 1964 the U. S. Congress en- 
acted new legislation providing for private ownership of 
these materials. On a private ownership basis, which under 
the new law becomes mandatory by 1973, the atomic power 
industry will bear higher inventory carrying charges; thus, 
this item can be expected to count in the future for more 
than 10\ of the total fuel cost. The new law will bring other 
changes affecting atomic fuel costs, some of a compen- 
sating nature. 

ATOMIC FUEL AS AN ENERGY RESOURCE 

U. S. Energy Trends 

The United States thrives on energy. It takes vast quanti- 
ties of heat, electricity, and motive power to satisfy our 
needs. One indication of this is that we use twice as much 
electricity per capita as is used in England, three and one- 
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half tunes as imich as is used iii tlie Soviet Union, and fifty 
times as much as is used in Communist Cluna. 

Tlie national energy market lias been growing at a re- 
markable rate and no letup is in siglit. A report issued in 
1962 under Senate auspices bv a National Fuels and Energy 
Study Group predicts tliat by 1980 our energy needs will be 
double wliat they are todav. If tliat proves true, we will use 
as much energy of all kinds in tlie next two decades as we 
have used in our previous lustory dating back to tiie Amer- 
ican Revolution! And according to many economists tlie de- 
mand may well double again by tlie end of tins century 
before settling into a more gradual growtli pattern. 

Only a small fraction (about 4',) of tlie energy used in tlie 
United States comes frum water power; tlie rest comes from 
the burmng of fuel. (Sec figure on page 30 J Up until now tlie 
three fossil fuels — coal, oil, and natural gas— Iiave been 
carrying virtually all tiie load. But witli atomic power now 
becoming an economic reality, atomic fuels are beginning 
to be a factor in the energy marketplace. This develop- 
ment has both sliort-range and long-range significance as 
we will now see. 

Fossil Fuel Reserves 

When estimates of U. S. reserves of fossil fuel are ex- 
anuned in the hglit of the present pattern and projected 
growth of tlie national energy demand, two points stand out. 
First, our present pattern of fossil fuel consumption is de- 
cidedly out of balance (see cliart on page 31) witli our re- 
S(Uirces. Coal, vvlncli is estimated to account for more tlian 
three-quarters of our recoverable fossil-fuel reserves, to- 
day fills less tlian one-quarter of tlie energy demand. Con- 
versely, oil and natural gas, wliich are estimated to account 
for less than one-quarter of tlie recoverable reserves, today 
fill more tlian tliree-quarters of tlie demand. We are tlius 
depleting our stocks of oil and gas at a much Iiiglier rate 
than our stocks of coal. To be sure, wlien necessary we can 
make syntiietic oil and gas from coal, but not without in- 
creasmg energy costs. 

Unfortunately, increased use of atomic energy will not 
^in-rect this imbalance in our present use of fossil fuel. 
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Energy Patterns Today* 
WHERE IT COMES FROM 



Oil 
45 



Natural Gas 
28 



Coal 

23 . 



Water Power 
4^ 



Atomic 
Power 
<1% 



HOW WE USE IT 




•Source, U.S. Department of Uie Interior, 1963. 



Imbalance in Our Current Use of Fossil Fuels 




RECOVERABLE 
ENERGY RESERVrS 



CURRENT PAHERN OF 
ENERGY CONSUMPTION 



Sourc*^ tm Hc^out t a. HvfK't t of tfn SaUortttl ActttU >n\ of St tt m i s. 1962 



TIio reason is that atomic fuel is likely to be used cliiefly 
in electric power generation, and in tins field coal now 
supplies more energy than oil and gas combined. However, 
t'j tlie extent tliat electric utilities elect to use atonnc fuel 
instead of burning oil and gas, atonnc energy will Iielp 
postpone the depletion of tliese valuable resources. 

The second point tliat stands out is tiiat while we face no 
earlv fossil-fuel sliortage, our reserves of tliese fuels are 
not to be classed as mexliaustible. The report of tlie Na- 
tional Riels and Stud\ group estimates tiiat, at today's rate 
of fuel consumption, our total recoverable reserves of fos- 
sil fuel (coal, oil, and gas combined) would last some 800 
years. But wlien projected increases m tlie rate of con- 
sumption are taken into account, tlie estimate of 800 years 
slirinks to 200 years or less. And, if low grade sources 
such as lignite and oil shale are left out of the calculation, 
tiie estimate shrinks to 100 years or less. These numbers 
are by no means to be taken as definitive, since at present 
we can only rouglily infer the extent of our fossil-fuel re- 
serves and since there is also mucli uncertainty in pro- 
ipcting future energy demand; but tliey do roughly indicate 
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tlie situation ihal might exist if fossil fuel were our ov.ly 
fuel. Let us now see Iiow atomic energy clianges tlie outlook. 

Atomic Fuel Reserves 

In tlie next five to ten years, tlie way atomic fuel will 
make its contribution to the energy economy of the United 
States will be iii helping to stabilize and, or reduce tlie cost 
of electric power generation in areas wliere the delivered 
price of fossil fuel is Iiigh. In a relatively few locations 
during tins period, atomic power plants may actually pro- 
duce lower pi iced power tlian would have been possible 
witli conventional plants. But for tlie most part atomic en- 
iM-gy will Iiave its effect tlirougli tlie impact its emergence 
as a competitive means of power generation is certain to 
Iiave on tlie price stnicture of fossil fuel. Tliere are some 
signs of tins already. Also, it will act as a furtlier stimulus 
for inipruvenieiits in existing nietliods of transporting fos- 
sil fuel, notably coal. 

If we turn to the long-range significance of atomic power, 
the fxist question that arises is: liow large are our reserves 
of atomic fuel? Tlie answer is tliat tliey are very large in- 
deed. Based on data recently publislied by the U. S. Atomic 
Energy Comnussiuu, * our reserves of uranium potentially 
represent ten to fifty tunes or more tlie eiierg>' equivalent 
of uur reserves of fossil fueU And we Iiave additional re- 
serves of atomic fuel in tlie form of tliorium. 

In the light of the foregoing, atomic fuel comes into sliarp 
focus as an indispensable long-range energy resource. But, 
if we are to realize anytliing like tlie full potential of tliis 
resource, we must learn iiow to use tliis fuel iiiucli more 
efficiently tlian we do at tlie present time. This brings us 
to a subject mentioned early in these pages — namely, 
atomic fuel utilization. It will be our final topic. 



*Luili(iu \.a U (i> Ptnit'^ — A Hi/xttt df the I^iL'^idcnt - }'^hJ,V.^. 
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A Way of Looking 
at Our Fuels 
Situation 
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ATOMIC FUEL 



ATOMIC FUEL UTILIZATION 
Converter Reactors 

Today's atonue puwer plants are known as "converters," 
meaning tliat tliey operate witii a net loss of fissionable ma- 
terial. You iniglit well ask if tliis isn't inevitable, and fortu- 
nately It IS not. For, if you recall uur earlier discussion of 
fissionable and fprtile mateiials, yuu will remember that 
fissionable atoms are formed as well as consumed lu a nu- 
clear reactor. In reactors of tlie type most commonly used 
for civilian power generation today, sometliing like six 
atoms of new fissionable material are formed for every ten 
atoms of original fissionable material consumed. Tins is 
referred to as a "conversion ratio" of 0.6. 

Now It so liappens tliat every time a fuel atom undergoes 
fission an average of between two and tliree neutrons is 
released. Only one of tliese is needed to keep tlie fission 
cliam reaction gomg, su, m principle at least, between one 
and two neutrons are available to convert fertile atoms 
present m tlie fuel into fissionable atoms. In practice, how- 
ever, some neutrons are inevitably lost by capture in other 
reactor materials.* In today's power reactors a lot of neu- 
trons are lost m tins fashion; hence their generally low 
yield of new fissionable material. 

*Ki.sM'qi products, conirul nuUenal, blaictural matenaLs, etc. 
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If wu were to continue indefinitely to use converter re- 
actors for power i;eneration, we would run out of fissionable 
material long before we would run out of fertile material, 
and once tliat liappenecl tlie very large energ>» potential of 
the latter would be forever lost. 

Another source of inefficiency m our current pattern of 
atonuc fuel utilization is that most of our present reactors 
proi^kice steam witli temperatures and pressures wiucli t.e 
too low for efficient conversion of the lieat to elect? ic»\v. 
Tins means we are prociucmc: less useful power per i,rani 
of fuel consumed than we would at luglier operating tem- 
peratures; or, to put it the otlier way around, we ai c con- 
.suming more fuel per unit of power output tlian is ntces^iary. 

Breeder Reactors 

U neutron losses in a nuclear reactor are kept to a mim- 
mum, it IS possible to operate with a net gam of fissionable 
material —i,e., to acineve a conversion ratio in excess of 
1.0.* Tlie term for this is "breeding." 

Breeding was successfully (albeit marginally) demon- 
strated as long as eleven years ago in a small reactor ex- 
periment, and by 1963 two experimental power reactors 
designed to perform as breeders are about to be placed 
in operation. But the development problems still to be 
solved are extremely difficult, and it is expected that it 
will be 1980 or thereabouts before large-scale power- 
breeder reactors begin to be used on any scale in civilian 
power generation. 

Tliere are two basic breeder "fuel cycles ":t 
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•Tcch'ueallx a coiner hi on ratio in c\ect>.s of 1.0 ib called a 
**breednig ratio." 

fit lb ahsu |n^->.snile toupci'att hrcctlui^ **ch«iin.s" Uhiii^ uiMniuni- 
J,io in cutnbiihitioii uiUi a leitile material, ljut thebu are not as ef- 
lieient. 



In either case, the inaxiiuuin brct^liiii^ i^ain that can be 
achieved in a practical system in a siiii-K' c\cle uf ot)eration 
IS very small. ..\ term use( ui this connection is ' duublini; 
time," whicli is the time it takes for a breeder reactor to 
double Its original inventury of fissionable material — i.e., 
to vield as much net fissionable product as the amount 
contained ui its fuel core plus thai tied up in fabrication, 
reprocessing, etc. Doublini* times f(;r power breeders are 
e.xpected to be of the order of fifteen or twenty years and 
,ienct' will entail many successive cycles of reactor opera- 
tion. 

The Logistics of Atomic Fuel Utilization 

For some decades U. S. electrical generating capacity 
has been doubling at approximately ten-year intervals. 
Atomic power is only beginning to compete in tins large 
growth market and, since the present amount of atomic gen- 
erating capacity is comparatively small,* its relative rate 
of growth sliould be very rapid in the years immediately 
ahead. (For example, utility companies recently placed or- 
ders for four large atomic power plants whose combmea 
capacity exceeded the aggregate capacity of all atomic plants 
in operation or under construction at the time.) 

Clearly then, even if power breeders were available to- 
day, they would be unable to generate fissionable material 
at a fast enougli rate to supply the fuel inventories required 
for new atomic power plants coming on the line, hi fact, as 
long as the d juhlm^L; atti n nl of atomic power generating 
capacity is shorter than the thmhlini^ tinu of power breed- 
ers, we will need to operate converter reactors in combi- 
nation with breeder reactors in an integrated network. In 
such a network the fissionable material produced by the 
converters would be used to help fill tlie inventory needs of 
ne^'* breeders. 

Operating converters on a large scale for an indefinite 
period would place a strain on our atomic fuel resources. 
It IS impressible to predict how long the above-described 
Situation miglit last, but even the more op.^nnstic studies 



•Amounlni-; lu le^.^ than iT ul the UaA l*. .S. elecincil gener- 
ating; eapaeiU. 
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7//t I>w^(li l\tin'^ Staintn, the nnlu>n\ t n Itll-saili. 
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iiKliCcite a coiitiuued need fur converters iov ai least thirty 
vt ars. On tins basis, and even tliou£;li in thirty years atomic 
pov'.ei IS expected to be carry mi; about lialf the count ry*s 
electiical piMer buiden/ our reserves of atonuc fuel ap- 
pear adequate to meet requirements. 

Once \^e rcacli tlie stat;e where in tlie a^^re^ate we pro- 
dut e iiior fissim^djle material tlian we c(jnsume tiiere will 
be lU) dan»:ei of depleting oui fissu^nable assets; more over, 
the ect^i oni.cs of fuel utilization would then be such that we 
could affi/xd to work very low-f;racie deposits of uranium 
and tlioriuni. But until tliat point is reached, careful fuel 
maiia<;ement will be needed. 

*>c<" pa;;( I ;, C // ///<'/// Stnhai P(fiu > A U( l>o> t to tin /^(s/- 
(i( )i( l^ih'j, ( , kS. Atomic I n('i<;y ( oni no'-^^ion . 
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The Strategy of Power Reactor Development 

The considerations mentioned have led to general agree- 
ment on the importance of the following parallel hnes of 
power reactor development: 

1. Development of improved converters (a) to achieve 
higher conversion ratios, and (b) to achieve higher 
power conversion efficiency. 

2. Development of breeders. 

Both lines of development are being actively pursued by the 
U. S. .Atomic Energy Commission and the atomic power 
industry. 

IN CONCLUSION 

We have attempted in this booklet to bring out some of 
the pioblenis involved in achieving efficient use of atomic 
fuel as well as to show the promise of this remarkable new 
source of useful energy. It is hoped that you will want to 
read further into this interesting and complex subject. Tc 
help you do this a list of some useful references has been 
appended. 



ERLC 



37 



SUGGESTED REFERENCES 



Books 

Philip Mullenbach, The Twentieth Century Fund, 41 East 70th 
Street, New York, 1963, 406 pp., $8.50. A general treatise on the 
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scrilung radiochemical piocessing of iiradiateti leactoi fuels, 
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bial I (thi u (itKffj l'(uility. 9 minutes, c(doi anil sound, U).51i. Pi o- 
tluced h\ ALC's .\i -(nini' National Laboiatoi>. This technical 
'ni di'stiiUs .\igt>iwic' National L.iboi ator> *s labncation pruc- 
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This booklet is one of the ' "Understanding the Atom*' 
Series. Comments are invited on this booklet and others 
in the series; please send them to the Division of Technical 
Information, I'. S. Atomic Energy Commission, Washington, 
D. C. 20545. ^ 

l^ibhshed as part of the AEC's educational assistance 
program, the series includes these titles: 



\uclear Pouter and Merchant Shippmg Whole liodv Counters 
Suclear Pouer Plants Your Body and Radiation 

\ single copy of any one booklet, oi oi no imom' than thiec 
ditfoMMU booklot.s, may bo obtamtni free by vM-itmg to 

USAEC. P. a BOX 62. OAK RIDGE. TENNESSEE 37830 

Complete sets of the series are available to school and 
public librarians, and to teachers who can make them 
available for reference or for use by groups. Requests 
should be made on school or library letterheads and indi- 
cate the proposed use. 

StudeiUb ami ttMchcis uho mn'd utluT material on spc- 
cifii' aspects ol nuclear science, oi references to other 
reading material, may also write to the Oak Kidgo address. 
Requests should state the topic of interest exactly, and the 
use intended. 

In all requests, include "Zip Code" in return addiuss. 
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